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TECHNICAL NOTE
Arterial Pco2 in chronic metabolic acidosis
DAVID A. BUSHINSKY, FREDRIC L. COE, CHARLES KATZENBERG, J. PETER SZIDON,
and JOAN H. PARKS
The Renal and Pulmonary Divisions, Michael Reese Hospital, and the University ofChicago
The arterial blood partial pressure of carbon dioxide (Pco2)
falls in response to chronic metabolic acidosis, but the magni-
tude of the decline has differed widely between studies and
types of subjects [1—91. In general, a linear regression has been
found between Pco2 and serum bicarbonate concentration
([HC031), but reported values of the regression slope have
varied between 0.9 [91 and 1.5 [1—4] (Table I). The variation of
the slope has never been explained. It has been suggested that
the etiology of the acidosis determines the magnitude of respira-
tory response [8].
We have re-investigated the relationship between Pco2 and
[HCO3], using our own data and data from all other studies
that have reported individual paired values of Pco2 and
[HCO31. One purpose was to determine why the regression
slope has varied from study to study. The other was to
determine what regression slope does, in fact, correctly de-
scribe all of the available data, and to provide confidence limits.
Using 346 observations we have found that the relationship
between Pco2 and [HCO3] is curvilinear over the range of
[HCO3i from 2 to 25 mEq/liter and, therefore, that any linear
regression must be an approximation whose slope will vary with
the range of[HCO3] values of the sample of data from which it
was derived. The correct function is independent of the etiology
or severity of acidosis.
Methods. Insofar as possible using descriptions of the pub-
lished cases, we attempted to exclude patients without uncom-
plicated chronic metabolic acidosis. We studied 24 patients with
chronic renal failure (37 measurements), 6 patients with heredi-
tary type I distal renal tubular acidosis (RTA) described in
previous reports [10, 11] (16 measurements), and 20 patients
with acquired RTA, all of whom had serum creatinine levels
below 3.5 mg/dl (32 measurements). To these data we added 76
published observations on patients with chronic renal failure
(Table 1). All patients had [HC03] values below 25.0 mEq/
liter. We were unable to reanalyze the data of van Ypersele de
Strihou and Frans [9], or of Ehlers [4], which were presented
only in a summary fashion. The data of Lennon and Lemann
[12] were excluded because they were based upon venous blood
samples whereas all of the other studies used arterial blood,
arterialized venous or capillary blood, or blood drawn from
arteriovenous hemodialysis fistulae. In addition, we obtained 12
observations of acidosis of more than 24 hr duration due to
cholera from the study of Pierce et al [7], 60 observations on
acidosis due to a variety of conditions reported by Albert, Dell,
and Winters [2], and 46 observations on ketoacidosis from
Fulop [1]. Although the data of Albert, Dell, and Winters [21
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included many patients with renal failure, they cannot be
separated from those without renal disease. The valuable data
from Relman [8] were excluded because we could not determine
which points were obtained from the literature, and we wished
to avoid double counting. Altogether, from all sources, we
found 48 measurements in RTA, 113 in uremic patients, and 118
in states of mixed clinical acidosis (lactic acidosis, ketoacidosis,
uremic acidosis, and cholera).
In a previous study, we produced chronic metabolic acidosis
in normal people by giving acetazolamide or ammonium chlo-
ride (NH4CI) [131; we presented details of their responses to
acidosis but not their individual blood gas data used here. We
obtained 27 observations on four subjects receiving acetazola-
mide, and 27 observations on six others receiving NH4CI. All
were acidotic for at least 4 days at the time of our measure-
ments. We obtained 13 additional observations during NH4C1
administration from Elkinton [3].
All of the data are based on samples of arterial or arterialized
capillary blood. We obtained our samples in uremic patients
from their arteriovenous fistulae at the time of needle insertion
for a routine hemodialysis, before dialysis was initiated. Such
samples give results comparable to arterial blood [14]. Reported
data in renal failure and mixed acidosis are based on arterial and
artenovenous fistulae samples; as in our case, samples from
dialysis patients were obtained just prior to their next dialysis.
Our normal subjects were studied using capillary blood samples
[13] drawn after warming the hand for at least 15 mm.
In our own studies [13] and in published reports, blood pH
was measured in a sealed electrode at 37° C. Pco2 was mea-
sured directly in some studies, ours included, and [HCO3] was
calculated; in others, [HCO3] was measured directly.
All analyses were carried out using statistical computer
programs (BMDP, University of California at Los Angeles).
Means were compared by t tests in which the variance of each
group was considered separately. We tested the data from each
source and the pooled data for departure of Pco2 or [HCO3]
distribution from normality; no significant departures were
observed. The significance of linear and polynomial regres-
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Table 1. Summary of previous studies
Fulop[1] Ka 46 5.0 1.54
Albert et a! [2] M 60 9.9 1.54
Elkinton [3] RF 27 11.2 1.51
Ehiers eta! [4] RFh 121 8.2 1.51
Pauli et a! [51 RF 29 12.9 1.38
Bone et a! [6] RF 20 10.2 1.28
Pierce et a! [7] CH 12 10.1 1.25
Relman [8] LAb 19 10.2 1.14
Elkinton [3] Amm 13 19.5 1.09
van Ypersele de Strihou et a! [9] RFh 30 26.6 0.9!
Abbreviations: Ka, ketoacidosis; M, mixed acidosis; RF, chronic renal failure; CH, cholera; LA, lactic acidosis; RTA, renal tubular acidosis;
Amm. ammoniuin chloride acidosis in normals: [HCO ]. serum bicarbonate concentration.
a Data of Elkinton [31 were both RF and Amm.
Data not included in this study.
Quadratic equation given: 23.8 (Pco2)2 — 12 Pco2 [HC01] 926 [HCO ] — 0
Mean [HCO3 1, mEq/Iiter
Mean Pco2, mm Hg
r (Pco2 vs. [HCO3 ])
Linear slope
Linear intercept, mm Hg
Quadratic slope a
Quadratic slope b
Quadratic intercept, mm Hg
Uremia
(113)15.1 0.6
29 -0.8
0.94
1.25 0.04
JO --0.7
0.019 0.008
1.8
7
Mixed
(118)
8.0 0.3
20.8 0.5
0.96
1.5 0.05
8.9 0.38
—0.028 0.012
1.9 0.27 l
sions, the contribution to reduction of variance by polynomial
as opposed to linear regression, and differences between regres-
sions were arrived at by using analysis of variance. A P value of
<0.05 was considered significant. The joint confidence region
for Pco2 and [HCO3 ] was calculated using the Hotelling's T2
distribution [151.
Results. Although in normal subjects acetazolamide pro-
duced more severe acidosis than NH4CI (Table 2), the two
regressions did not differ. Addition of polynomial terms did not
improve either regression.
Data from patients with hereditary and acquired RTA did not
differ in means or regression coefficients and were pooled
(Table 2). The linear regression of Pco2 on [HCO3 I was the
same as that from the normal subjects made acidemic (Table 2)
and could not be improved by addition of polynomial terms.
Patients with chronic renal failure from the four sources (our
own and the three shown in Table 1) differed in their mean
values of [HCO3i and Pco2: 22 2.2 and 37.4 3.4 (our-
selves), 10.2 4.4 and 22.7 6.2 [6], 12.9 4.6 and 25.9 6.9
[51, and 11.2 4.2 and 25.9 7.4 [3] for [HC03] and Pco2 (±
SD), respectively. Within three intervals of [HCO1 1, 3 to 10,
10.1 to 15, and 15.1 to 25 mEq/liter, that each included data
from at least three sources (Fig. 1), data from different sources
did not differ in their regression coefficients and were as well
fitted by a linear as by a polynomial regression. However, the
slope within the first interval differed from the other two slopes:
1.52 0.23 (sEM) vs. 1.24 0.31 and 1.18 0.10 for the three
intervals in ascending order. Since data from different sources
were not different when [HCO3 I was comparable, but the
regression slope varied with [HC03], we pooled the data. The
pooled data were described better by a quadratic (Table 2) than
a linear regression (F = 3.20, df = 2, 109, P < 0.05). A cubic
equation did not improve the fit. The average slopes of the
polynomial in each of the three [HC03] intervals (3 to 10, 10.1
to 15, and 15.1 to 25 mEq/liter) calculated from its derivative
and the mean [HCO3 I values in each interval were very close
to the individual linear regression slopes in each interval:
[HCO3 I = 7.4 2.2 (SD), slope — 1.53; [HCO3 I = 12.4 1.9,
Author/Ref. Type
No. of
observations
Mean
lHCO 1
inEq/liter Slope
Linear regression
Intercept
mm Hg
8.6
8.4
8.8
7.5
8.1
9.6
11.0
8.7
13.8
15.6
Acetozalamide
Table 2. Relationship between Pco, and serum bicarbonate concentration [HCO3 I during chronic metabolic acidosis'
Type of acidosis
NH4CI RTA
(27) (40) (48)
17.5 0.2 19.9 -- 0.4 19.6 0.331 + 0.4 36 0.3 33 0.4
0.85 0.74 0.79
1.1 0.1 11 0.2 1.1 0.1
11 14 --3 11
Abbreviations: NH4CI, ammonium chloride; RTA, renal tubular acidosis; Pco2, partial pressure of CO2 in blood; [HCO3 ], serum bicarbonate
concentration.
a The number of observations is in parentheses; all values are mean SEM. For quadratic equations, slope a is the coefficient of the squared
term, slope b of the linear term. The coefficients of the quadratic equation for uremic and mixed acidosis combined were: intercept 7.7 0.6, linear
coefficient 1.8 + 0.1 and second order coefficient —0.02 0.004; the combined regression for all 346 points has intercept 5.95 1.0, linear
coefficient 2.45 0.29, second order coefficient —0.084 0.024, and third order coefficient 0.00 17 0.0006.
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slope = 1.34; and [HCC)3] = 20.5 3.1, slope = 1.03; vs. 1.52,
1.24, and 1.18, respectively, for the individual linear regression
slopes. Furthermore, the slope of the polynomial calculated
using the corresponding mean values for [HC03] is very close
to the individual linear regression slopes (Table 2) for the other
three forms of acidosis: 1.15 for acetazolamide (at [HC03] =
17.5 mEq/liter), 1.05 for NH4C1 (at [HC03] = 19.9 mEq/liter),
and 1.06 for RTA (at [HC03] = 19.6 mEq/liter).
Three groups, Pierce et a! [7], Albert, Dell, and Winters [2],
and Fulop [11, provided data on patients with mixed acidosis.
The combined data of Albert, Dell, and Winters and Pierce et al
[2, 7] were described best by a quadratic regression with
intercept of 7.7 1.5, linear slope of 1.8 0.3, and second
degree slope —0.01 0.02 (F = 5.73, P < 0.05). The 46
observations of Fulop [1] were also described better by a
quadratic equation, of intercept 4.9 1.4, and first and second
degree slopes of 2.95 0.48 and —0.10 0.03, respectively,
than by a linear regression coefficient (F = 4.89, df = 2, 42, P <
0.05). Although the Fulop regression coefficients differ from
those of the Albert, Dell, and Winters and Pierce et al data,
within the range of the data in the Fulop study ([HC03] = 1.9
to 13.5 mEq/liter), the two regressions give nearly identical
results. For this reason, we pooled the 118 points, and these
were fitted best by a second degree polynomial (Table 2) (F =
4.16, df = 1, 114, P < 0.05). Since the coefficients of this
polynomial did not differ significantly from those derived from
uremic subjects, we calculated the pooled regression for uremic
patients and those with mixed acidosis (Table 2); a cubic
polynomial did not improve the fit compared to the quadratic
equation. As expected, the slope of this equation calculated
from its derivative at the corresponding mean values for
[HC031 for acetazolamide, NH4CI and RTA closely matched
the individual linear regression slopes for these three groups.
Furthermore, the values given by this equation match closely
those given by the three individual linear regressions within the
range of [HC031 spanned by acetazolamide, RTA, and NH4CI
acidosis.
All of the 346 observations were best described by a cubic
equation (F = 8.17, df = 1, 342, P < 0.01) (Table 2). For values
of [HCO3] between 11 and 22 mEq/liter, it has a slope of 1.07
to 1.2; below 11 mEq/liter, the slope rises rapidly (Fig. 1). The
regression predicts a Pco2 of 40 mm Hg at a [HCO3i of 24
mEq/liter.
During uncomplicated chronic metabolic acidosis one would
like to determine the expected respiratory response. Conven-
tionally, the regression slope is used to predict the Pco2 that
uncomplicated metabolic acidosis would produce for a given
[HCO3I. Since the slope of our cubic equation varies with
[HCO3i, one must use as a multiplier the average slope from
normal (24 mEq/liter) down to the observed [HC03]. The
accumulated average slope of our cubic equation, calculated in
this manner from its derivative between 23 and 5 mEq/liter, is
very close to 1.2. If the difference between the [HC03] and 24
is multiplied by 1.2, the predicted fall in Pco2 will be within 0.5
mm Hg of the cubic regression value over the range of [HC03]
from 23 to 6 mEq/liter. At 5 mEq/liter, the error in calculating
the predicted Pco2 decrement rises to 0.9 mm Hg. Below 5
mEq/liter, a slope of 1.3 will predict the cubic regression Pco2
within 1 mm Hg down to a [HC03] of 2 mEq/liter. In other
words, for [HC03] in mEq/liter and Pco2 in mm Hg:
Fall in Pco2 = (24 — [HC03]) x 1.2; 5 [HC03] < 24
Fall in Pco2 = (24 — [HC031) X 1.3; 2  [HC03] < 5
To determine if a single pair of Pco2 and [HC03] values
obtained from a patient is within the expected range for chronic
metabolic acidosis the 95% joint confidence interval can be
examined. Points falling outside this boundary suggest an
additional respiratory or metabolic acid-base disorder. Pco2
and [HCO3] are correlated strongly, and both are distributed
normally. The boundaries of the area that includes 95% of the
pairs studied here, the joint 95% confidence region, can be
defined using the Hotelling's T2 distribution [15]. This approach
has been useful [16] in defining the normal region for Pco2 and
[HC031 pairs in man. The 95% region is shown, with data, in
Figure 1.
Discussion. The respiratory response to chronic metabolic
acidosis varies with the severity but not the etiology of the
acidosis. Most previous studies did not recognize this fact,
perhaps because they each tended to focus upon a narrow range
of [HC03]. However, in the aggregate, the regression equa-
tions from other studies support this assertion, as the mean
[HCO3i in each of these studies was correlated inversely
(Table 1) with the slopes of the corresponding linear regression
(r =
—0.81, P < 0.01). When the previous data are pooled, as
we did here, a polynomial regression is needed to achieve the
best fit between Pco2 and [HC031. Linear regressions must
tend to overestimate the slope of Pco2 on [HC031 at high
[HCO3] compared to polynomial regressions, whose slope can
rise as the [HC03] falls. For this reason, linear regression
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Fig. 1. Relation between partial pressure of CO2 in blood (Pco2; in mm
Hg) and serum bicarbonate concentration [HCO3 / (in mEqiliter)
during chronic metabolic acidosis in the combined 346 patients. The
joint 95% confidence region is shown as a solid line.
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slopes will reflect the range of acidosis being studied and,
therefore, will depend upon patient selection.
When allowance is made for a changing slope, data from all
sources and types of subjects, including normal people made
acidemic, appear to follow one regression very closely. The
average regression slope (1.2, 24 > HCO3  5 1.3, HCO5 < 5)
can be used to predict the expected fall in Pco,. To determine if
a pair of Pco2 and [HC03] values falls within the expected
range for uncomplicated chronic metabolic acidosis, the 95%
joint confidence region derived from these pooled data can be
used.
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